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Abstract—This paper presents a wirelessly powered implantable
electrochemical sensor tag for continuous blood glucose monitoring. The system is remotely powered by a 13.56-MHz inductive link
and utilizes an ISO 15693 radio frequency identification (RFID)
standard for communication. This paper provides reliable and accurate measurement for changing glucose level. The sensor tag
employs a long-term glucose sensor, a winding ferrite antenna,
an RFID front-end, a potentiostat, a 10-bit sigma-delta analog to
digital converter, an on-chip temperature sensor, and a digital baseband for protocol processing and control. A high-frequency external reader is used to power, command, and configure the sensor
tag. The only off-chip support circuitry required is a tuned antenna
and a glucose microsensor. The integrated chip fabricated in SMIC
0.13-μm CMOS process occupies an area of 1.2 mm×2 mm and
consumes 50 μW. The power sensitivity of the whole system is −4
dBm. The sensor tag achieves a measured glucose range of 0–30
mM with a sensitivity of 0.75 nA/mM.
Index Terms—13.56 MHz, electrochemical sensor, glucose monitoring, implantable, potentiostat, radio frequency identification
(RFID), sensor tag, sigma-delta analog to digital converter (sigmadelta ADC), wireless.

I. INTRODUCTION
HE overall number of diabetic patients is currently about
200 million and it is estimated that this number will reach
330 million by 2025 [1]. A number of complications caused
by diabetes will bring serious damages to human beings. Long
periods of hyperglycemia or hypoglycemia represent a major
issue in diabetes therapy since they can cause sudden coma
and brain damage [2]. Such complications can be prevented or
retarded by controlling the glucose level. Due to the fact that
glucose levels in blood can change rapidly (0.125 mM/min),
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the enzyme-based finger-picking tests often fail to detect all
hypoglycemic and hyperglycemic events. Compared with the
conventional point-in-time glucose measurements, automated
and continuous glucose monitoring can obtain reliable and detailed information about the changing glucose level of diabetic
patients. This way, it can help make the early diagnosis and
assist in making the best treatment decisions [3].
The integration of sensors into passive RFID tags has recently
caused extensive interest among the RFID community. RFID
systems are wireless identification systems containing readers
and tags. Different from active tags, passive tags can wirelessly
communicate with a reader without a battery. The reader powers the tag by transmitting electromagnetic waves and enables
it to send back information stored on the chip. Sensor tags have
been used in a wide range of applications, from environmental
monitoring to personal biomedical uses, such as temperature
detection and health monitoring [4]. Due to the problems associated with a battery in sensor tags [5], passive RFID is used
for power and data transmission between an implantable passive
sensor tag and an external reader. The combination of integrated
circuit chips, telecommunications, and micromachined sensors
makes it possible to develop a small-size wireless implantable
system.
In wireless power transmission, two coils that are inductively
or magnetically coupled are used. One is connected to an external reader and the other is connected to the implantable sensor
tag. The near-field coils transmit an radio-frequency (RF) signal to provide the required power for the sensor tag system.
The frequency ranges of RFID in international standards are
from 135 kHz to 2.45 GHz [6]. On one hand, higher carrier
frequency can provide high data transmission rates. However,
in an implantable system, the tissue absorption coefficient increases for higher frequencies, causing most of the transmitted power to be absorbed by the tissue. On the other hand,
the carrier frequency cannot be too low. Otherwise, the tag
coil would have to be quite large and also RF burn in the tissue could be a concern. Therefore, a carrier frequency operating at Industrial Scientific and Medical band of 13.56 MHz is
selected.
The research for developing a continuous blood glucose monitoring system was started in the early 1960s [7]. A reliable glucose sensor is a main challenge for glucose detection in the previous implantable systems [8]–[12]. The performance of a glucose
sensor includes accuracy, sensitivity, response time, and chemical stability (long-life) in vivo. In an implantable passive sensor
system, it is also a challenge to perform glucose measurement
in relevant in vivo conditions for needed periods of time. Various
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Fig. 1. Wireless powered implantable sensor tag for continuous glucose monitoring. The microsystem includes a ferrite antenna, a system-on-chip (SoC),
and an electrochemical glucose sensor.

kinds of glucose sensor systems were successful by using micro/nanotechnologies. On one hand, some of them are based on
optical techniques such as near-infrared spectroscopy or light
scattering [8], [10]. On the other hand, some methods try to
achieve reliable measurements based on electrochemical glucose sensors, which measure the glucose concentration of the
interstitial fluid of the skin or other sites. An electrochemical
glucose sensor is integrated on chip and the wireless glucose
monitoring system consumes about 110 μA [11]. A contact-lens
mounted glucose sensor was reported to measure tear glucose.
However, time delay and correlation between tear and blood
glucose is uncertain [9]. The smallest size microsystem for continuous glucose monitoring is designed and consumes about 6
μW. However, the efficiency of on-chip antenna is much lower
and glucose sensors are not sufficiently accurate using a conventional CMOS microfabrication process [12]. Compared with
the method that analyzes the various light reflections to measure
the glucose level, electrochemical sensors have advantages including avoiding optical interference and can measure electrical
signal directly with no large area optical device.
In this paper, we present a wireless powered, long-term implantable sensor microsystem based on RFID for real-time glucose monitoring (see Fig. 1). The microsystem includes an electrochemical glucose sensor, a ferrite antenna, a high-frequency
(HF) front end, a digital baseband, and a sensor interface circuit. The sensor tag can detect the glucose level and wirelessly
transmit the sensor data to an external reader. This sensor tag
system can be seen as a low-cost long-term glucose monitoring
device.
In the following sections, the design considerations and the
system architecture are described in Section II. Then, the circuit
design and implementation are presented in Section III. In Section IV, the experimental results of the sensor tag system are
shown, followed by the conclusion in Section V.
II. SYSTEM ARCHITECTURE
A. Design Consideration
An implantable glucose sensor tag system including an antenna, a glucose sensor and its interface circuits can be implanted
underneath the skin. The implantation site is targeted to be about
3 mm in the subcutaneous tissue where the sensor tag can be
in contact with interstitial fluid. The glucose content can have a
good correlation with the blood glucose concentration [13]. The
communication distance between the sensor tag and a reader
is typically 1 cm. The distance is determined by the coupling
efficiency of near-field coils, the power conversion efficiency
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of the HF front end, and the power consumption of the sensor
tag system. There are several practical challenges, which should
be considered. First, the system uses a 13.56-MHz carrier frequency for RF inductive power. The challenges in an integrated
RF energy harvesting system include designing an efficiency
rectifier, a low-power regulator, and a large on-chip storage capacitor. Second, normal glucose level in human blood level is 4
mM to 7 mM. In the design, the electrochemical sensor generates current in the order of nA in a reasonable range of 0–30 mM
glucose levels for all hypoglycemic and hyperglycemic events.
The weak current is easily interfered by different noise sources,
such as the supply noise and environment noise. Therefore, accurate detection of a weak current signal requires a stable supply
voltage, a reference voltage, and a low noise sensor interface circuit. Third, the size of sensor tag is a key issue in the success of
the implantable monitoring system. A small-size system can be
packaged and be implanted by invasive surgery. Therefore, for
cheaper cost and a longer in vivo monitoring lifetime, it becomes
more important to reduce off-chip components and minimize the
active area of the integrated interface chip. Finally, when a sensor system is to be implanted in body, some other issues should
be taken into account, such as biocompatible package material
and the effects of the body’s immune system and so on. More
details about the implantable issues can be found in [11].
B. System Architecture
Fig. 2 shows the overall architecture of wireless powered,
long-term implantable sensor microsystem based on RFID technology. The sensor tag integrates an RF front end, a digital
baseband, glucose, and temperature sensors readout circuits. In
wireless power transmission, two coils that are inductively coupled are used. One is connected to an external reader and the
other is connected to the implantable sensor tag.
The front end is mainly responsible for wireless energy harvesting and data transceiver. It receives external RF power
through a tuned LC matching circuit, followed by a voltage
rectifier to generate a dc supply voltage for the whole system.
The sensor readout circuit is designed based on switchedcapacitor circuit technology. Through digital switches and selection, the sensor readout circuit can be reconfigured by reader
commands to convert different types of signals including glucose sensor and temperature sensor to voltage output. The output
voltage is digitalized by 10-bit sigma-delta analog to digital converter (ADC). The signals from two sensors are processed by
the same readout circuits to minimize the power and size.
The digital baseband decodes the commands from a reader
and manages the operation of the microsystem.
III. CIRCUIT DESIGN AND IMPLEMENTATION
A. Near-Field Antenna Design
Implantable applications require small coils for wireless
power and data transmission. Since the coil structure affects
quality factor (Q), coupling coefficient (K), and inductance, it
must be carefully picked to suit the implanted devices. Typical
dimension for cylinder coils are d × l = 5 × 0.75 mm. The
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Block diagram of the wireless sensor tag architecture.

mutual inductance that is decisive for the power supply of
the transponder falls sharply due to its proportionality with the
cross-sectional area of the coil. For an implantable sensor tag,
a ferrite antenna is used for the near-field inductive link. By
inserting a ferrite material with a high permeability μ into the
coil, the mutual inductance can be significantly increased, thus
compensating for the small cross-sectional area of the coil. The
quality factor and coupling coefficient of the sensor tag and
external reader coils are optimized to achieve the maximum
power transfer efficiency so that sufficient energy is powered to
the microsystem. The inductance of a ferrite antenna [14] can
be calculated according to following equation:
L=

μ0 μe A · N 2
l

(1)

where μ0 is the permeability of vacuum, μe is relative permeability of ferrite material, N is turns of coil, A is the effective
cross-sectional area of ferrite material, l is the effective magnetic path length of ferrite material, and L is the inductance of
antenna coil with ferrite material.
B. Energy Harvesting and Load Modulation
In the wireless passive sensor tag, a rectifier is designed to
rectify the received RF signal and to charge up a storage capacitor to an unregulated dc supply voltage. A three-stage highefficiency differential CMOS rectifier with an active threshold
voltage (Vth ) cancellation technique [15] is designed for RF energy harvesting. Power conversion efficiency (PCE) is important
for wirelessly powered implantable application, considering the
power loss in the human tissue. Experimental tissue attenuation
can be obtain from [16]. The attenuation of 13.56-MHz electromagnetic wave in tissue is about 10% when the thickness of
tissue is assumed to be 5 mm.
The rectifier can automatically minimize the effective Vth of
diode-connected MOS transistors in a forward bias condition
and increase it in a reverse bias condition by a cross-coupled
differential circuit configuration. The differential rectifier reduces both the effective ON-resistance and the reverse-leakage
current, and simultaneously, achieves a high PCE, especially

Fig. 3.

Schematic diagram of the on-chip regulator.

under small RF input power. A peak power efficiency of the
rectifier is approximately 45% with 30 kΩ load. At the same
time, a limiter [17] is employed to clamp the input power and
keeps the rectifier output voltage below 1.8 V in case that the
tag is exposed to a high strength field.
Load shift key (LSK) is used to transmit the sensor data back
to the reader. Modulated reflection is achieved by varying the
load impedance of the passive wireless link, which is equivalent
to the RF front end input impedance of the sensor tag system.
The reader may use the variation of the voltage to decode the
backward link signals.
C. Voltage Regulator
The voltage regulator is an important circuit in wireless implantable application. The regulator should produce a clean and
stable supply voltage. Since the power received by the sensor tag is limited, a low-power low-dropout regulator (LDO)
is required. Fig. 3 shows the schematic of the regulator. Stability enhanced low-dropout regulators are design to adapt
varying load current in different work status. To minimize the
interference from digital circuits into analog circuits, ALDO and
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Fig. 6.

Schematic diagram of the clock extractor.

Fig. 7.

Schematic diagram of the POR.
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Fig. 4. Measured output voltage of rectifier and regulator versus different
input power (a limiter clamps the voltage below 1.8 V).

Fig. 5.

Block diagram of the demodulation circuit.

DLDO are designed for analog and digital circuits, respectively.
Separated regulators provides 40-dB isolation between analog
and digital circuits. The supply voltage for digital circuits is set
to 1 V, which reduces dynamic power by 30% compared with
1.2 V. The LDOs use a flipped voltage follower [18] as an output stage to improve load regulation and avoid requiring a large
decoupling capacitor. Fig. 4 shows the measured output voltage
of rectifier and regulator versus different input RF power.
D. Demodulation
An ASK demodulator [19] is commonly used to demodulate
the commands data from an external reader at low data rate.
As shown in Fig. 5, it is composed of a voltage rectifier, a
diode envelope detector, a low-pass filter, an average detector,
and a comparator. As the received signal strength may vary
when the distance between the reader and the sensor tag, a
dynamic reference threshold for comparison is required. The
dynamic threshold is given by the average value of the envelope.
Average generation is obtained with an integrated RC filter. The
demodulator can demodulate a minimum input signal level of
100 mV at a data rate of 26.5 kbps and a modulation depth from
10% to 100%.
E. Clock Extraction and POR Generation
For an HF tag system, it is easy to extract the clock from
the carrier wave. The reason is that the data rate compared to
the carrier frequency is not small in the HF system. When the
circuit is implemented, two problems must be considered. First,
since the input of the clock extraction is an antenna, the ASK
modulation will cause the amplitude to drop very low. Second,

during the load backward modulation, the antenna amplitude
will also be dragged to low, so it is important to maintain the
clock extraction output for small RF signal level. Fig. 6 shows
the clock extraction circuit, which consists of a high bandwidth
differential comparator and following inverters. The 13.56-MHz
clock is extracted from the carrier and directly fed into the digital
baseband. The circuit can extract the clock from a minimum of
50-mV amplitude signal from the antenna.
Power on reset (POR) has two major functions. One is to generate the whole chip reset signal when the sensor tag is powered
up by HF electronic magnetic field. The other is to protect the
chip circuit from malfunction when the supply voltage drops
under a certain level. The critical problem is the power consumption of the POR circuit itself. Fig. 7 shows a low power
POR circuit. The quiescent current is less than 100 nA. MP2
and C0 form the delay circuit to generate the delay time needed
to ensure a reliable stable supply.
F. Potentiostat
Amperometric electrochemical sensors are able to generate a
current linearly proportional to glucose concentration and typically consist of three electrodes namely the working, reference,
and counter electrodes (WE, RE, and CE, accordingly). The
active area of glucose sensor in this system is 0.15 mm2 and
the sensor sensitivity is 0.01 μA · mm−2 · mM−1 when the glucose concentration is in the range of 0 ∼ 30 mM. The needed
sensitivity for practical in vivo applications depends on application requirements and the features of sensor systems. Glucose
oxidase (GOD) enzyme and glucose permeable membrane are

914

Fig. 8.

IEEE JOURNAL OF BIOMEDICAL AND HEALTH INFORMATICS, VOL. 19, NO. 3, MAY 2015

Schematic diagram of the current mirror-based potentiostat.

used to create a glucose sensitive layer on the WE area. This glucose sensitive layer rejects water molecules through a semipermeable membrane and allows glucose molecules through it. The
ratio of glucose molecules versus water molecules is about 50:1.
The number of sensing electrons is effectively reduced in the
entire redox process, greatly reducing the required potentiostat
operating voltage. More importantly, it improves the lifetime of
the electrochemical sensor. In this design, the sensing current
accuracy is 0.1 nA. The 0.01 μA · mm−2 · mM−1 sensitivity glucose sensor generates current around 0–20 nA in a reasonable
range of 0–30 mM glucose levels. The narrow dynamic current
range reduces complexity of the sensor interface circuits including the potentiostat and the ADC to minimize the power and size.
From an electronic standpoint, an electrochemical sensor can be
regarded as a network of impedances and active elements. Fig. 8
shows the small signal equivalent circuit of an electrochemical
sensor [20].
A current mirror-based potentiostat is designed (see Fig. 8). It
is composed of two main subcircuit. The conventional potential
control loop guarantees a fixed potential between the WE and
RE (Vcell, 200 mV in this design). In order to maximize the
stability of the potential-control loop, A1 should be a singlestage amplifier that introduces only one low-frequency pole
into the loop. The double-layer capacitance of the electrode
interface is very large, which is the dominant pole of this loop
[21]. To achieve good loop stability, the first nondominant pole
is pushed to high frequencies (the pole of A1, in this design). A
current mirror with a high gain error cancellation is designed, by
adding the operation amplifier A2 to mirror the sensor output
current IF to IF1 accurately. The current mirror isolates the
potentiostat and the measurement circuits that release design
constrains for both sides. The copied current IF1 is translated
into differential current Ip and In to resist the common mode
interference.
To measure the accuracy of the on-chip potentiostat, a commercial potentiostat is used to measure and calibrate the output
current of the glucose sensor at the same time. Fig. 9 shows the
measured differential output current of the current mirror versus
the calibrated sensor output. The liner correlation coefficient is
0.999936.

Fig. 9.

Fig. 10.

Measured potentiostat differential output current versus sensor current.

Schematic diagram of the on-chip temperature sensor.

G. Temperature Sensor
The glucose sensor in this study has a temperature coefficient around 1 nA/ ◦ C, so a bipolar junction transistor (BJT)based temperature sensor is integrated to provide real-time
temperature data for reference, as shown in Fig. 10. For body
temperature sensing from 32 ◦ C to 42 ◦ C, necessary dynamic
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Fig. 11.

Fig. 12.

Schematic diagram of the inverter-based OTA.

Fig. 13.

Measured the 10-bit sigma-delta ADC static characteristic.
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Schematic diagram of the sigma delta ADC.

range of the ADC is about 7-bit to reach 0.1 ◦ C resolution.
The temperature sensor can also be used outside the body.
Therefore, for a reasonable temperature range from 20 ◦ C to
50 ◦ C, the ADC should have at least a 9-bit dynamic range to
achieve 0.1 ◦ C resolution. From the temperature-dependent ratio of bipolar transistors: where VBE is the base-emitter voltage
and ΔVBE is the VBE difference between two transistors (in this
design, k varies from 11 to 13 over temperature range from
20 ◦ C to 50 ◦ C), a linear temperature coefficient can be used to
indicate the temperature
α
α · ΔVBE
α
=
μ=
=
VBE + αΔVBE VBE /ΔVBE + α
K +α

(2)

where α is a gain factor, which can be trimmed to compensate
for ΔVBE spread [22]. Chopping and dynamic element matching technology [23] is used to suppress mismatch and process
variations.
H. Sigma-Delta ADC
A 10-bit differential low-voltage low-power incremental
sigma-delta ADC (see Fig. 11) is designed to digitize the output of both the glucose sensor and the temperature sensor (in
time division, configured by reader commands). The differential structure provides both rejection to common mode interference, suppression to clock feed, and charge injection. Pseudodifferential inverter-based integrators [24] are used in the ADC,
achieving a minimum operation supply voltage of 0.85 V and
3 μW-power consumption at 214-kHz switching frequency. Unfortunately this integrator is of the sensitive PVT variation and
suffers from bad 1/f noise and offset performance. Dynamic
current biasing and autozeroing techniques are introduced to
overcome these drawbacks.
Fig. 12 shows the inverter-based amplifier, which draws
400 nA and has a dc gain of 80 dB. Fig. 13 shows the 10bit ADC static characteristic, achieved with 0.6-LSB INL and
0.8-LSB DNL at 214-kHz switching frequency.

I. Digital Baseband
The digital baseband (see Fig. 14) realizes signal processing,
as well as generating the clocks and control signals for the sensor
interface circuit and sigma-delta ADC. The digital baseband
is mainly divided into eight modules: 1) the clock generator
module (CGM) is to divide clocks from 13.56 MHz; 2) the
demodulator module is to demodulate commands; 3) the control
unit (CU) is to decode commands from the reader; 4) the fist
input fist output (FIFO) is to store data from the sigma-delta
ADC for sending out when data ready register is set; 5) the
sensor control (SC) is to generate control signals for the system;
6) the cyclic redundancy check (CRC) is to detect error and
guarantee the data integrity; 7) the modulation module (MOD)
is to send sensor data to a reader by load modulation; and 8) the
power management module (PMW) is to manage the power and
distribute the clocks of the system.
The operation of the sensor tag is able to be controlled between different states by user commands. The air interface is
complied with the ISO 15693 standard. The tag supports inventory, and write and read commands. The sensor tags are uniquely
identified by a 64-bit Unique Identifier (UID). The UID is used
to address each sensor tag uniquely and individually, during the
anticollision loop and for one-to-one exchange between a sensor
tag and the reader. The external reader can write configuration

916

IEEE JOURNAL OF BIOMEDICAL AND HEALTH INFORMATICS, VOL. 19, NO. 3, MAY 2015

Fig. 16.

Fig. 14.

Chip microphotograph of the proposed circuits.

Block diagram of the digital baseband.

Fig. 17. Measured waveforms of the demodulated command, backscattered
sensor data by load modulation, and voltage of reader antenna.

back to reader. After the sensor tag is uniquely identified by the
UID, the reader can send operation instructions and configuration information by a write command. Various clocks and control signals are generated to control the sensor interface and the
sigma-delta ADC. The sensor tag then goes to the processing
state. After the ADC completes data conversion, the sampled
sensor data are written to 32-bit registers and the sensor tag
goes to the transmission state. Finally, the reader gets the sensor
data by sending a read request command. Data transmission is
encoded through a CRC to guarantee the data integrity.
IV. EXPERIMENTAL RESULTS
Fig. 15. (a) Measurement setup of the sensor tag and wirelessly measured
glucose readout data in-vitro experiment. (b) Photograph of the packaged device
for long-term implantable glucose monitoring and external HF reader.

information to the sensor tags. Such information can provide
maximum flexibility for the sensor to work and for the reader to
obtain data from the sensor tag.
The operation states of the sensor tag system mainly include
receiving, processing, and transmitting. The state machine controls the operations of the sensor tag system. When it receives
the carrier signal, the sensor tag goes to the receive state after the
baseband is reset by a POR signal and the clock is generated.
After the inventory request command, an UID is transmitted

The proposed circuits for 13.56-MHz sensor tag has been fabricated in the SMIC 0.13-μm 1P8M CMOS technology. Fig. 16
shows the chip microphotograph of the proposed circuits. The
chip area including on-chip storage capacitor is only 1.2 mm × 2
mm and has a power consumption of 50 μW.
In the system testing, a PCB-based tag prototype consisting
of an antenna and the fully integrated sensor tag chip, as shown
in Fig. 15(b), is connected to the three electrodes of the glucose sensor. The air interface is complied with the ISO15693
standard. In Fig. 15(b), an HF RFID reader is used to communicate with the sensor tag. The potentiostat and the ADC can
be separately controlled by writing respective control word to
the tag. The energy coupled to the ferrite antenna is converted
to dc to supply power to the microsystem. The commands from
the reader are demodulated for the system configuration. The
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TABLE II
COMPARISON WITH PRIOR ARTS

Carrier Frequency
Protocol
Modulation scheme
Noise Cancellation

Glucose level

Fig. 18.

Measured sensor current versus glucose concentration.

TABLE I
MEASUREMENT PERFORMANCE
Parameter

Performance

Technology
Supply

analog
digital

Carrier frequency
Protocol
Demodulation scheme
Modulation scheme
Active area
Power
Total
HF Frontend
ADC
Potentiostat
Digital baseband
Efficiency
rectifier
regulator
Glucose sensor
Area
Sensitivity
Glucose level
Current range
10-bit ΣΔ ADC
Current range
ENOB
INL/DNL
Potentiostat
Linearity (R 2 )
Temperature Sensor
Type
Range
Accuracy
Implant coil
Ferrite material
Diameter

SMIC 1P8M 0.13-μm CMOS
1.2 V
1.0 V
13.56 MHz
ISO 15693 RFID standard
ASK(modulation depth is 10% or 100%)
LSK
1.2 mm × 2 mm
50 μW
28 μW
3 μW
4 μW
15 μW
45%(max)
90%
0.15 mm2
0.01 μA · mm2 · mM−1
0–30 mM
20 nA
0–40 nA
9.3 bit
±0.6 LSB/±0.8 LSB
0.999936
BJT
20 ◦ C − 50 ◦ C
0.5 ◦ C
NiZn
1.2 mm

clock is extracted from the carrier wave to provide clock to the
baseband and divided into a particular clock for the sigma-delta
ADC. The demodulator supports a modulation depth of 10% to
100%. The digitized sensor data are sent back by load modulation. The glucose sensor tag can be powered over 3 cm from
the external HF reader with an effective isotropically radiated
power of 20 dBm at 13.56 MHz in free space. Theoretically, the
sensor tag can receive power larger than −4 dBm to power the
sensor tag in a distance of about 2.5 cm in vivo.
The efficiencies of the rectifier and LDO regulator are measured as 45% and 90%, respectively. The pseudodifferential
inverter-based ADC achieves a minimum operation supply voltage of 0.85 V and 3-μW power consumption with less than
0.6-LSB INL and 0.8-LSB DNL at 214-kHz switching frequency.

Sensing area (mm2 )
Glucose sensitivity
(μA · mm−2 · mM−1 )
Measure current range
Temperature Sensor
Energy sensitivity
Power (μW)
Chip size (mm2 )
Storage capacitor
on-chip

Fig. 19.

This Study

[10]

[9]

[12]

13.56 MHz
ISO 15693
LSK
Auto-zero
and
chopper
0–30
mM(blood)

13.56 MHz
ISO 15693
LSK
N/A

2.4 GHz
N/A
LSK
N/A

900 MHz
N/A
LSK
N/A

0–40
mM(blood)

0–2
mM(tear)

0.15
0.01

1.488
N/A

0.22
1.65

0–20
mM(tissue
fluid)
0.24
N/A

40 nA
Yes
−4 dBm
50
2.4
Yes

1.16 μA
Yes
N/A
250
9.98
No

750 nA
No
0 dBm
3
0.5
Yes

45 nA
No
N/A
6
1.96
Yes

IPGTT in rats.

In order to test the performance of the proposed sensor tag
monitoring system in measuring glucose concentration, a Sigma
P-3813 phosphate buffered solution (pH 7.4) with 330-mM
NaCl was used. In the human body, normal glucose level is
4–7 mM. This range for diabetic patient, such as hypoglycemic
(0–2 mM) and hyperglycemic (10–30 mM), is narrow. Therefore, in our experiment, we increased the glucose concentration
of the solution from 0 to 30 mM, by gradually adding glucose to
the solution. After settling the sensor current to its final value (in
approximately 2 min), the glucose sensor data were measured
using the wireless sensor monitoring system.
The measured waveforms of the demodulated command,
backscattered sensor data by load modulation, and voltage of
the reader antenna are shown in Fig. 17. Fig. 18 shows measured
sensor current versus glucose concentration using the wireless
sensor tag monitoring system.
Table I summarizes the measured performance of the sensor
tag and Table II compares this study with the state-of-art device
for continuous glucose monitoring.
A continuous in vivo measurement in an animal has already
been completed. Three-month old male Wistar rats are employed
in this test. An intra-peritoneal glucose tolerance test (IPGTT)
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[25] was carried out after a 12-h fasting period. Then, the sensor tag is used for continuous glucose monitoring which lasted
for about 4 h. The measured result is shown in Fig. 19. After the intraperitoneal injection of 50% glucose (1 g/kg body
weight) at the point of 30 min, the value of blood glucose in
rats rises up to 25 mM rapidly. Then, it drops gradually. For
the purpose of verification, the blood glucose level is also simultaneously tested by a commercial glucometer at the points
of 0.5, 1, 1.5, 2.5, and 3 h. Both glucose excursion match
well.
V. CONCLUSION
Automated and continuous glucose monitoring technical is
required both by clinical and patient care. This paper presents
an electrochemical-sensor-based, wireless powered implantable
microsystem for real-time glucose monitoring. The sensor tag
employs an electrochemical sensor, a winding ferrite core antenna, a 13.56-MHz RFID front end, a potentiostat, a 10-bit
sigma-delta ADC, an on-chip temperature sensor, and a digital
baseband for protocol processing and control. The air interface is complied with the ISO15693 standard. The integrated
chip fabricated in SMIC 0.13-μm CMOS process occupies a
die area of 1.2 mm × 2 mm and consumes 50 μW. The highly
integrated, low power, simple sensor tag is a low-cost solution
for implantable glucose monitoring applications, which are realtime, direct, and accurate. Note that the glucose sensor tag works
well in both phosphate buffered solution with added glucose and
the animal body. Our future work includes improvement of the
system-on-chip performance and clinical tests.
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